The toll-like receptor 4 (TLR4) has been reported to play an important role in necrotizing enterocolitis (NEC). As an established regulator of TLR4, vitamin D has been demonstrated to be intestinal-protective. This study aims at finding out whether the vitamin D/vitamin D receptor (VDR) pathway ameliorates NEC by regulating TLR4. METHODS: Serum 25-hydrovitamin D (25(OH)D) was tested and compared in 15 preterm infants with NEC, 12 preterm infants without known complications and 20 healthy term infants. Neonatal Wistar rats were grouped and NEC was induced through formula feeding and cold/asphyxia stress. Vitamin D and the vehicle were administered to compare the microscopic structure, apoptotic protein expression, intestinal barrier function, inflammatory response, and TLR4 expression. RESULTS: Preterm infants with NEC had significantly lower 25 (OH)D levels than those without NEC and healthy subjects. VDR expression was suppressed, whereas TLR4 expression was elevated in the NEC intestine. Vitamin D may increase the survival rate, alleviate structure damage, and preserve intestinal barrier function. These were achieved partly through restoration of VDR and suppression of TLR4. CONCLUSION: NEC infants have lower levels of vitamin D. The vitamin D/VDR pathway protects against intestinal injury of NEC partly through suppressing the expression of TLR4.
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BACKGROUND: The toll-like receptor 4 (TLR4) has been reported to play an important role in necrotizing enterocolitis (NEC). As an established regulator of TLR4, vitamin D has been demonstrated to be intestinal-protective. This study aims at finding out whether the vitamin D/vitamin D receptor (VDR) pathway ameliorates NEC by regulating TLR4. METHODS: Serum 25-hydrovitamin D (25(OH)D) was tested and compared in 15 preterm infants with NEC, 12 preterm infants without known complications and 20 healthy term infants. Neonatal Wistar rats were grouped and NEC was induced through formula feeding and cold/asphyxia stress. Vitamin D and the vehicle were administered to compare the microscopic structure, apoptotic protein expression, intestinal barrier function, inflammatory response, and TLR4 expression. RESULTS: Preterm infants with NEC had significantly lower 25 (OH)D levels than those without NEC and healthy subjects. VDR expression was suppressed, whereas TLR4 expression was elevated in the NEC intestine. Vitamin D may increase the survival rate, alleviate structure damage, and preserve intestinal barrier function. These were achieved partly through restoration of VDR and suppression of TLR4. CONCLUSION: NEC infants have lower levels of vitamin D. The vitamin D/VDR pathway protects against intestinal injury of NEC partly through suppressing the expression of TLR4.
W ith the increased survival rate of preterm births comes the threat of neonatal necrotizing enterocolitis (NEC). NEC affects about one in every thousand live births and 7% of the infants between 500 and1,500 g. Apart from a mortality of 20-30%, 25% of the NEC patients would develop short gut syndrome and neurodevelopmental impairment (1) . The exact mechanism of this devastating disease remains unclear. Premature intestine, bacteria colonization, and formula feeding have been identified as contributing factors (2) .
The toll-like receptor (TLR) family has been proven to be pivotal in the pathological process of NEC, especially toll-like receptor 4 (TLR4). TLR4 activation is required for the development of NEC. TLR4 mediates phagocytosis and translocation of Gram-negative bacteria. Its activation leads to increased apoptosis, reduced proliferation, and stimulated autophagy in enterocytes (3). TLR4 regulates intestinal restitution and enterocyte proliferation, both of which are vital to intestinal repair (4). TLR4 mutant mice developed less NEC (5), which had more goblet cells in the intestinal lumen and therefore produced more protective mucin (4) .
A recent report disclosed some association between vitamin D deficiency and NEC (6) . Vitamin D deficiency is prevalent in preterm births, especially in those below 32 weeks of gestation (7) . As one of the regulators of TLR4, vitamin D/vitamin D receptor (VDR) pathway has been shown to be intestinal-protective by many studies. Vitamin D can ameliorate 2,4,6-trinitrobenzene sulfonic acid-induced colitis, a model of inflammatory bowel disease, by inhibiting intestinal epithelial apoptosis (8) . In the same disease models, VDR knockout worsened the inflammatory changes, whereas human VDR transgene can significantly rescue the changes (9) . Also, VDR played a suppressive role in intestinal tumor growth (10) . However, the mechanism of the influence of vitamin D on NEC and the role of TLR4 has not been reported.
This study aims at: (1) investigating the vitamin D status in preterm births with and without NEC and comparing them with term subjects; (2) observing the influence of vitamin D on NEC severity in a rat model, and (3) exploring the association between vitamin D/VDR pathway and TLR4 in NEC.
METHODS

Patients
Among all the newborns admitted for preterm birth (o37 gestational week) to the department of neonatology between July and December 2012, 15 developed NEC. A total of 12 preterm infants without serious complications were selected to match the gestational week of the NEC patients. Data of 20 term births were collected in a previous study of our team (7) . Caretakers of all the participants had signed written informed consent before participation. Demographic information of the participants is listed in Table 1 .
Patients' tissue collection
Intestinal tissue from NEC patients was collected from those who underwent enterectomy because of irreversible necrotic changes in intestinal segments. Demographic information of the patients is listed in Table 2 . Tissue was collected randomly from the enterectomized bowel. The control groups consisted of those who received enterectomy due to irreducible intussusceptions. In this group, the tissue was harvested from the end of the enterectomized bowel away from the ischemic lesions. After harvest, the intestinal tissue was processed as mentioned below.
Measurement of serum 25(OH) D levels
As a routine test of all preterm births, blood sample was collected at the time of admittance and once a month thereafter. The sample collected at the time of admittance was used for analysis in this study. Serum 25(OH) D levels were measured by the Laboratory Test Center of Shengjing Hospital, China Medical University.
Animal preparation and NEC induction
All animal procedures were reviewed and approved by the Laboratory Animal Ethics Committee of China Medical University. This study was carried out in strict compliance with the approved protocols. Pregnant Wistar rats (200-250 g) were supplied by the Animal Lab, Experimental Research Center, Shengjing Hospital, China Medical University. All rats were kept in specific pathogenfree static cages with a 12-h light-dark cycle. Chow pellets and tap water were available ad libitum.
NEC was induced with the formula feeding and cold/asphyxia stress method. Newborn rats were separated from their mother right after delivery. They were kept warm and humidified in a newborn incubator. Neonatal animals formula was fed (Esbilac, 200 cal/kg per day; PetAg, Hampshire, IL) at 0.1 ml every 3 h for 36 h, then 0.2 ml every 3 h through an orogastric feeding tube. Meanwhile, the neonatal animals were challenged with 5% oxygen for 3 min, followed by exposure to cold (4°C) for 10 min twice a day for 2 days. Neonatal rats of the control group were breastfed by their mothers and kept in room temperature and normal air.
Vitamin D treatment
The NEC and control groups were randomly divided into two subgroups. One subgroup was treated with a VD analog, paricalcitol (Sigma, St. Louis, MD, USA), dissolved in 90:10 ratio of propylene glycol:ethanol at 0.5 μg/kg body weight, whereas the vehicle subgroups were given the solvent only (8) . Paricalcitol or vehicle was given through intraperitoneal injection 30 min before the first induction of NEC every day.
Histology
The distal ileum was collected and sectioned at the thickness of 4 μm. The slides were stained with hematoxylin and eosin (Beyotime Institute of Biotechnology, Haimen, China) at room temperature. Microscopic scoring was scored according to Nadler et al. (11) . The mean score of five fields was recorded as the final score of the rat. Every group included 10 subjects. Two pathologists who were blind to the study design performed the evaluation separately.
Immunofluorescence was used to locate and evaluate occludin expression. Anti-occludin (1:100 dilution; Abcam, Cambridge, MA, USA) was used. The slides were subsequently conjugated with Alexa Fluor 555 secondary antibodies (Invitrogen, Thermo Fisher Scientific, Waltham, MA). The antigen was visualized using a Leica DFC425 fluorescence microscope (Leica Microsystems (Schweiz) AG, Heerbrugg, Switzerland).
TUNEL staining
Sections of the distal ileum were used. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining was performed using an In Situ Cell Death Detection Kit, TMR red (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions. The apoptotic index was defined as the percentage of TUNEL-positive cell containing crypts in 100 randomly chosen crypts in each slide.
Real-time PCR
Total RNA was isolated from the distal ileum using the TRIzol reagent (Invitrogen). First-strand cDNAs were synthesised with a PrimeScript RT Reagent Kit (Takara Biotechnology, Dalian, China). Real-time PCR was performed in the 20 μl volume reaction mixture Refers to the comparison between preterm with and without NEC, because there are sure to be significant differences between the preterm and the term babies in gestational age and birth weight. 
Intestinal permeability measurement
The rats were denied access to food for 3 h before gavage. FITCconjugated 4-kDa dextran (FD4, 50 mg/ml, Sigma) was administered via gavage at 4 μl/g. Blood serum was collected 1 h later. 200 μl of sample per well was added to a 96-well plate and the serum concentration of FD4 was measured using a Synergy HT plate reader (BioTek Laboratories, WA).
Statistical analyses
The data are presented as the mean ± standard deviation. Two-tailed independent-sample t-test was used for comparisons between two groups. For comparisons of more than two groups, two-way ANOVA was performed (followed by Games-Howell test). Then Dunnett t-test was used to explore differences between selected two groups. Rank data were analyzed by the Wilcoxon's signed rank test. All statistical comparisons were done using GraphPad Prism software version 6.0 (GraphPad Software, La Jolla, CA) and SPSS 17.0 (SPSS, Chicago, IL). Po0.05 was regarded as statistically significant. Articles | Shi et al.
RESULTS
Vitamin
(33.5 ± 3.58 vs. 52.7 ± 5.99 nmol/l), indicating more severe vitamin D deficiency in NEC patients ( Figure 1a) . Meanwhile, VDR expression was significantly diminished in intestinal tissue of NEC patients, whereas TLR4 expression was elevated (Figure 1b,c) .
Vitamin D can ameliorate NEC in neonatal rats
We went on with a murine model of NEC to investigate the effect of vitamin D on NEC. NEC yielded a survival rate of 50%, whereas vitamin D treatment brought the rate up to 75% (Figure 2a) . Hematoxylin and eosin staining showed intestinal structure damage, separation of the submucosa, villi discharge, or even disappearance of the villi. Spotted intestinal necrosis was also observed. Vitamin D treatment attenuated the above changes, leaving moderate aberrance of the intestinal structure (Figure 2b) . NEC grade, according to Nadler, was also largely maintained by vitamin D (Figure 2c ).
Vitamin D attenuates apoptosis and suppresses inflammation in NEC rats
We further looked at the mechanism of the protective function of vitamin D. TUNEL staining revealed that in NEC enterocyte apoptosis was prominent, which was greatly attenuated by vitamin D (Figure 3a) . Apoptotic index confirmed this significant change (Figure 3b) . Western blotting showed that the expression of apoptotic proteins, including PUMA and caspase-3, was highly activated in NEC. Vitamin D could inhibit apoptosis in both the breastfeeding and the NEC group, with the effect of the latter more significant (Figure 3c,d) . Meanwhile, vitamin D treatment could suppress inflammation, as demonstrated by reduced cytokine expression in the intestine (Figure 4) .
Vitamin D protects against tight junction destruction and preserves intestinal barrier function in NEC
Tight junction (TJ) proteins, as important components of the intestinal barrier, were evaluated. Western blotting showed that in NEC, TJ proteins including ZO-1, occludin, and claudin-3 decreased in expression, whereas claudin-2, a poreforming protein, increased. These changes would lead to impaired function of the intestinal barrier. Vitamin D treatment protected against this functional loss caused by NEC (Figure 5a-c) . Barrier function was further evaluated through the FD4 test. Less leakage of FITC-dextran into the circulation proved that the intestinal epithelial barrier was preserved by vitamin D (Figure 5d ).
Vitamin D can partly rescue the VDR inhibition and TLR4 elevation in NEC
Then we studied the changes in VDR and TLR4 expression in NEC models. In mice with NEC, the expression of TLR4 was highly elevated, whereas VDR expression was downregulated. Vitamin D could stimulate VDR expression in both the . BF, breastfeeding; BF+VE, BF+vehicle; BF+VD, BF+paricalcitol; NEC, formula feeding and cold/asphyxia stress; NEC+VD, formula feeding and cold/asphyxia stress+paricalcitol; NEC+VE, formula feeding and cold/asphyxia stress+vehicle; VD, paricalcitol; VE, vehicle. ***Po0.001.
breastfeeding and the NEC group, with the effect more prominent in the latter. The expression of TLR4 was not much influenced by vitamin D in healthy subjects, but was significantly rescued in the NEC rats ( Figure 6 ).
DISCUSSION
Our study found a close association between vitamin D deficiency and NEC in preterm infants. Vitamin D could increase the survival rate, preserve intestinal structure, and maintain barrier function in a rat NEC model. Vitamin D executed antiapoptotic and anti-inflammatory effects by restoring VDR expression and downregulating TLR4 expression, which was known to be a pivotal starter of intestinal damage in NEC. The role of TLR4 in NEC has been intensively investigated. Normally, TLR4 expression decreases after birth, whereas it increases in NEC animals. TLR4 overexpression is a typical pathological phenomenon of preterm births (1). Contributing factors of NEC, including formula feeding, hypoxia, and hypothermia, could cause TLR4 expression to increase. Another important component of NEC cascade, the plateletactivating factor, could enhance TLR4 expression (12) . Inflammatory cytokines, including tumor necrosis factor and interferon, also contributed to the upregulation of TLR4 (13) . When activated, TLR4 stimulates the release and activation of nuclear factor-κB, which results in increase in proinflammatory mediators, reduced ability of spontaneous repair, and suppression of the Wnt/catenin pathway (4, 14) . These changes had been observed both in enterocytes and intestinal stem cells (3) .
Regulatory effect of vitamin D on TLR4 has been demonstrated in many organs and tissues besides the gut. Downregulation of TLR4 by vitamin D had been reported in disease models of the kidney, liver, skin, and immune cells (15) (16) (17) (18) . Our study found that the incidence of NEC in + regulatory T cells (20) . This finding had been observed both in enterocytes and Lgr5 + intestinal stem cells (21) . Our study observed elevated expression of proinflammatory cytokines in NEC, including IL-17, that could be ameliorated by vitamin D. There might be several pathways leading to this change and inhibition of TLR4 should be one of them. The immunological mechanism of vitamin D and TLR4 on inflammation yielded further investigation.
Barrier function impairment is another important pathological change of NEC. Decrease in the expression of occludin and claudin-3 was typical (22) . In this study, we detected increased (23) . Vitamin D could restore intestinal barrier injury induced by ethanol through the redistribution of TJ proteins, lowering the phosphorylation level of myosin light chain, and decreasing the generation of ROS (24) . Suppression of the nuclear factor-κB pathway also contributed to the protective effect of vitamin D (25) . There might be other mechanisms of the intestinal-protective effect of vitamin D in NEC. Immunological disturbance was an important pathological basis for NEC (21, 23) , and vitamin D had long been regarded as an important immunological regulator. Thus, there was reason to believe that immunological regulation was possibly another way by which vitamin D suppressed NEC. Regulatory T cells, as important anti-inflammatory factors, had been reported to show an eightfold reduction in NEC (26) . This decrease could be partly restored by vitamin D in other colitis models (27) . Therefore, verification of this finding in NEC subjects was necessary to draw any conclusion.
In summary, our study found a close association between vitamin D/VDR pathway and NEC. Vitamin D may increase the survival rate, alleviate structure damage, and preserve intestinal barrier function. These were achieved partly through restoration of VDR expression and suppression of TLR4. Therefore, proinflammatory cytokines release and enterocyte apoptosis was largely inhibited. Since TLR4 activation is a typical pathological change of NEC, vitamin D therapy may be an effective prevention of NEC. Further clinical trials would be very helpful in confirming this finding.
